A new method was found to synthesize large-area (7 × 15 mm 2 ), high-density (higher than 10 9 cm −2 ), aligned carbon nanotubes (CNTs) with uniform diameters on a silica wafer. Ferrocene/melamine mixtures were pyrolyzed through a three-step process in an Ar atmosphere in a single-stage furnace. The structure and composition of the CNTs were investigated by scanning electron microscopy, transmission electron microscopy (TEM), x-ray photoelectron spectroscopy (XPS), and electron energy-loss spectroscopy (EELS). It was found that these nanotubes have uniform outer diameters of about 22 nm and varying lengths from 10 to 40 m. High-resolution TEM images showed that CNT is composed of graphite-like layers arranged in a stacked-cup-like structure. XPS results showed that the layer covering the tops of the aligned CNTs consists of carbon and iron. The EELS spectrum showed that these tubes are pure carbon.
I. INTRODUCTION
Since their discovery in 1991, 1 aligned carbon nanotubes (CNTs) have attracted increasing attention because of their unique structural, mechanical, and electronic properties. Numerous novel applications of CNTs have been investigated, such as field emitters, 2,3 nanoelectronic devices, 4 -8 nanotube actuators, 9 batteries, 10 probe tips for scanning probe microscopy, 11, 12 nanotubereinforced materials, 13 etc. For these applications, largescale and highly aligned arrays of nanotubes are desirable. Catalytic chemical vapor deposition has been regarded as an effective way to fabricate CNTs in recent years due to its simplicity, its ability to yield patterned structures over a large area, and its potential to be much less expensive than other synthesis methods such as arc discharge and laser ablation. Wei et al. 14 grew repeated patterns containing mutually orthogonal nanotube arrays on silica surface by pyrolysis of C 8 H 10 /Fe(C 5 H 5 ) 2 . Han et al. 15 synthesized flakes made up of aligned CNx (x < 1) nanotubes by pyrolysis of ferrocene/C 60 mixtures under NH 3 atmosphere, and the concentration of nitrogen was about 2.5%. In this study, a unique three-step procedure is used to synthesize large-area, high-density, aligned CNTs with uniform diameters on a silica wafer in a single-stage furnace. The relationship between the structure of CNTs and process parameters is discussed.
II. EXPERIMENTAL
A single-stage furnace was used to synthesize carbon nanotubes. Figure 1 shows a schematic diagram of the apparatus.
A. Formation of silica layer
A single-crystal silicon (111) wafer (7 × 15 mm 2 ) was cleaned ultrasonically in acetone and ethanol baths consecutively for 10 min each. It was then dipped into 20% hydrofluoric acid solution for 5 min to expose a clean silicon surface. The wafer was washed by distilled water and put in quartz boat A, which was placed at the center of the furnace. First O 2 was introduced into the a) e-mail: hjgao@aphy.iphy.ac.cn quartz tube (25-mm inner diameter) at a flow rate of 100 sccm for 20 min to ensure the purity of O 2 gas in the quartz tube. The temperature inside the furnace was raised to 700°C at a rate of 12°C /min and maintained for 2 h. Then it was allowed to return to room temperature naturally. A silica layer formed on the silicon surface. During the oxidation process, boat B was placed outside of the furnace.
B. Fabrication of aligned CNTs
A new procedure was used to grow aligned CNTs. First, a silica wafer was placed in quartz boat B, which was moved into the furnace, 8.5 cm from boat A, and a 1:10 mixture (by weight) of powdered ferrocene (dicyclopentadienyliron; Aldrich, Milwuakee, WI, 98%, 150 mg) and melamine (s-triaminotriazine; Avocado, 99%; 1.5 g) was introduced into boat A. High-purity Ar gas was pumped into the tube at a flow rate of 100 sccm for 20 min to ensure a stable atmosphere.
Second, a three-step procedure was used to control the furnace temperature. The temperature at the center of the furnace was increased to 180°C and maintained for 30 min so as to evaporate ferrocene fully. It was then raised to 380°C and kept constant for 30 min to evaporate melamine completely. After that, it was increased to 900°C and held steady for 60 min to form CNTs. During all three steps the rate of raising the temperature was kept at 12°C /min and no more Ar gas was introduced. Finally, the quartz tube was cooled to room temperature with Ar, flowing at a rate of 10 sccm. During the above procedure, the pressure of Ar in quartz tube was kept at atmosphere pressure. Upon removal of the sample from the furnace, a brown layer was observed to have grown on the whole surface of the silica wafer.
C. Characterization
A field-emission type scanning electron microscope (Hitachi S-4200) (Japan) was used to observe the morphology of aligned CNTs. The acceleration voltage was 20 kV during measurements. Transmission electron microscopy (TEM) images were obtained from a JEM 200CX (Electronics Corp., Japan). High-resolution transmission electron microscope (HRTEM) images were obtained from a Tecnai F20 (FEI Corp., Hillsboro, OR) with an electron energy-loss spectroscopy (EELS) analysis apparatus. The transmission electron microsope was operated at 200 kV. X-ray photoelectron spectroscopy (XPS) measurements were performed using an ESCA LAB (VG Corp., United Kingdom) 5 x-ray photoelectron spectrometer with a monochromatized Mg K ␣ (1253.6 eV) x-ray source.
The preparation procedure for the TEM specimen was as follows. Aligned CNTs grown on silica wafer were immersed in diluted hydrochloric acid for 12 h to remove iron nanoparticles on the top layer. Then CNTs were scratched from silica substrate and cleaned ultrasonically in an ethanol bath for 10 min. Finally, two drops of this liquid were dropped onto a carbon-coated copper grid.
III. RESULTS AND DISCUSSION
Typical scanning electron microscopy (SEM) images of aligned CNTs are shown in Figs Figure 2(c) shows the bottom morphology of the aligned CNTs film, which was removed from the silica plate by needle tip. The bottom tips of the tubes are also examined to study growth mechanism at the initial stage. No bright dots are found in Fig. 2(c) , indicating that catalyst particles do not present at the bottom tips of the nanotubes at initial growth stage as Ren has observed. 16 Figure 2(d) shows a magnified image of the nanotubes and crust at one of the small cracks visible in Fig. 2(a) . It can be seen that this crust is about several tens to a few hundreds of nanometers thick and composed mainly of nanoparticles. These particles vary from about 22 to 250 nm in size and can be divided into little and big ones. The outer diameters of the carbon nanotubes, as observed in the crack, are quite uniform. The small nanoparticles in the crust are individually connected to nanotubes in the layer below, which can be seen clearly from Fig. 2(d) . This configuration of tubes topped by nanoparticles suggests that the growth of a tube is catalyzed by a particle that ends up in the crust. Fig. 3 shows the profile of the Fe 2p XPS spectrum. The Fe 2p 3/2 (707.5 eV) and Fe 2p 1/2 (720.7 eV) peaks are double peaks (besides the main peak shoulder peaks lie at the high binding energy sides with binding energy of 710.3 and 724.2 eV for 2p 3/2 and 2p 1/2 , respectively) indicating that Fe has two chemical states; one is the pure Fe, and the other is ferric oxide. So it can be concluded that this crust is composed of carbon, iron, and ferric oxide. The intensive O peak in the overall XPS spectrum comes from ferric oxide in surface crust, surface-absorbed oxygen, and silica substrate.
Examining the SEM images, we can see that the iron indicated in the XPS spectrum probably exists in the nanoparticles that make up much of the crust's mass and is located at the top ends of nanotubes. On the basis of the above XPS results analysis, it can be concluded that small bright dots in Fig. 2(d) connected to nanotubes are iron and ferric oxide nanoparticles.
TEM was used to study the structures of individual carbon nanotubes in greater detail. Typical morphologies of CNTs are displayed in Fig. 4 . Low-resolution TEM imagery [ Fig. 4(a) ] shows that CNTs are compartmentalized by a lateral segmentation (i.e., divided into many irregular cuplike structures oriented in the same direction-stacked, in a sense). They have a highly uniform outer diameter (i.e., the tube's outer diameter, estimated to be about 22 nm). Black arrows show the bottom ends of CNTs. It can be seen clearly that no catalysts' particles are presenting at the bottom end of CNTs, which agrees well with SEM results as shown in Fig. 2(c) . The white arrows show the top ends of CNTs.
The high-magnification morphology of the top end of an individual CNT is shown in Fig. 4(b) . The fact that the top end is opened shows that iron and ferric oxide nanoparticles lying at the top ends of CNTs were successfully eliminated by immersion in diluted hydrochloric acid solution for 12 h and the opened end is stable and does not close again, although there are dangling bonds existing after treatment in diluted hydrochloric acid solution.
High-resolution transmission electron microscopy (HRTEM) imagery in Fig. 4(c) shows that an individual CNT is divided into a series of many chambers. Every chamber is enclosed by a shell of 3-10 graphene layers with one end closed and the other open to the convex side of the next chamber's shell. From the shapes of the graphene layers, we know that pentagonal defects are present in the graphene layers. 17 The distances between shells are 1.5-6.5 nm. This value is similar to that of Terrones's 18 but smaller than that of Han's. 15 Along the tube's axis, there are some random wavy regions as marked by the white arrow, possibly due to the relaxation of carbon layers as a result of cooling. 19 In our sample, a graphene shell does not immediately terminate at the junction where it first meets the surface of the next shell as Zhong's 20 shells do; instead, it extends far along the tube's outer surface, sheathing a portion of the next shell. Terrones et al. 18 has observed intercrossing of graphene layers, and this phenomenon can be clearly seen in Fig. 4(c) as indicated by black arrows.
EELS was used to examine the spectrum of an individual carbon nanotube. Electron beams of 100 keV in energy can be focused on an area about 1 nm in diameter, so we are able to obtain information on each individual tube. The * and * peaks in the region of the C K-shell ionization edge are displayed clearly (Fig. 5) . On the other hand, no N K-shell ionization edge, lying at approximately 401 eV, can be seen. The absence of an N K-shell ionization edge proves that no nitrogen element from melamine has been doped into the CNTs. This is probably due to the fact that N atoms cannot substitute successfully C sites in hexagonal network and the role of melamine acts only as carbon source during our three-step procedure of raising temperature.
For the C K-shell ionization edge, the sharp * peak (approximately 285.6 eV) indicates that C is in an sp 2 hybridization state and that the CNT is mainly composed of hexagonal-graphene layers, while the existence of the * peak (approximately 295.7 eV) indicates the formation of pentagonal defects in graphene layers, 21 which agrees with the results of HRTEM. Now that we have considered the physical structure and chemical makeup of the CNTs, we developed a simple scenario of their growth process. First the ferrocene powders sublime from boat A at the center of the furnace and condense on the silica substrate in boat B, which leads to the formation of a thin layer of ferrocene on the silica surface. Then melamine is deposited on top of the ferrocene layer. When the temperature is raised from 380 to 900°C and maintained for 60 min, iron particles form from the decomposition of ferrocene at a proper temperature.
Each iron particle catalyzes the condensation of carbon atoms coming from the ferrocene and melamine, which dissolve into the top of the iron particles and diffuse to the other side, forming a shell consisting of graphene layers on the bottom surface of the iron particle. Each shell assumes the exact shape of the bottom of the iron particle that condenses it. 18 As the shell grows thicker, stress builds. When the stress reaches a critical value, it is relaxed by the iron particle pushing away from the bottom of the shell, thus defining a space that becomes a compartment of the CNT as the space is enclosed by the next carbon shell formed under the iron particle at its new position. As the above process continues, long, stacked-cup-like nanotubes form with the catalytic iron particles on their tops.
The growth mechanism of aligned CNTs is ascribed in the literature to constraint of the pores in either mesoporous silica 22 or laser-etched tracks. 23 Fan 3 reported that aligned nanotubes within each block are densely packed and held together by van der Waals interactions. However, in our experiments CNTs were deposited on smoothing silica substrates, so the alignment of the CNTs cannot be due to pores or etched tracks. It can also be seen from Fig. 2(d) that the average distance between CNTs is about 150 nm, which is beyond the range of van der Waals interactions, so the parallel growth of CNTs in our system is probably due to steric overcrowding, like natural grass.
It is well known that the distribution and size of catalyst particles have a very important effect on the density and diameter of CNTs grown. In our three-step procedure, iron nanoparticles with high density and uniform sizes (about 22 nm) were obtained uniformly on silica wafer, which directly led to the formation of large-area, high-density, aligned CNTs with uniform diameters. From Fig. 2(d) , it can be seen that the biggest distances between adjacent nanotubes are about seven times an individual carbon tube's diameter. On the basis of the above result, the density of aligned CNTs is estimated to be at least 10 9 cm −2 .
IV. CONCLUSIONS
High-density aligned CNTs were fabricated successfully on a silica wafer using a high-temperature pyrolysis method in a single-stage furnace. The surface of the CNT film was covered by a crust of iron, ferric oxide, and carbon nanoparticles. The nanotubes were multiwalled carbon tubes with a stacked-cup-like structure, consisting entirely of layered graphene. They have a uniform diameter of 22 nm and lengths varying from 10 to over 40 m. Nitrogen in melamine was not doped into CNT in this process. On the basis of the above account, it can be seen that our three-step procedure has yielded interesting results. It is a new method to grow large-area, high-density, aligned CNTs with uniform diameters. This simple, effective method is quite useful for practical applications of CNTs.
